Introduction
The measurement of light scattering is a powerful technique for investigations on synthetic polymers, biomaterials, drug delivery systems, and similar substances. [1] [2] [3] [4] In particular, it has led to major developments in the in situ measurement of the size of nanoparticles in liquid phases. 5 In the International Organization for Standardization (ISO) standard ISO 13321:1996, 6 a dynamic light scattering (DLS) method is described that involves measurements made at a single angle and a single concentration. The document recommends measuring in the low-concentration region, but that does not refer to changes in the concentrations or angles. In 2008, the ISO 13321:1996 standard developed into ISO 22412:2008, 7 which is suitable for a wide range of dispersion concentrations, but not for a wide angular range of scattering. In those two standards, it is recommended that the instrument performance should be verified by using a dispersion of polystyrene latex (PSL) particles with a narrow size distribution and a certified particle size. However, the accuracy of the determined particle size of the PSL is not completely understood because of the presence of a number of unevaluated effects, such as the effects of the concentration of the suspension, the scattering angle, and the physical and chemical properties of the PSL particles.
It is worth noting the importance of extrapolations made by using various concentrations and angles. In many cases, the levels of the repeatability and accuracy are insufficiently high to permit evaluations of the effects of these factors. High-resolution DLS techniques have been developed for measuring the time correlation function on a timescale of nanoseconds. Such nanosecond resolution is required for establishing technical standards for measuring the size of nanoparticles in liquid phases. In the current study, we measured the angular and concentration dependences of nanosized suspensions of PSL with sufficient precision to permit extrapolations of these two parameters to zero angle and zero concentration. In addition, we estimated the dependence of the apparent diffusion coefficient of PSL suspensions on the concentration and scattering angle by means of dynamic structure factors calculated from the hydrodynamic properties of PSL particles. This estimation was performed by means of a simple theory involving several parameters, including the sizes and concentrations of particles and the long-range interaction radii of the PSL suspensions. The qualitative aspects of the dependence of the apparent diffusion coefficient of PSL suspensions on the concentration of the latex and the scattering angle are clearly represented in the simulation.
Finally, the results of the recalculated particle size measured by DLS were compared with values measured by using a differential mobility analyzer (DMA) and by pulsed-field gradient nuclear magnetic resonance (PFG NMR) studies. The recalculated particle sizes measured by the three different methods are consistent with one another within their respective degrees of uncertainty.
Experimental

Measurement apparatus
The light-scattering apparatus was an ALV/compact goniometer system (ALV-Laser Vertriebsgesellschaft m.b.H., Langen, Germany) with a YAG laser that produces a wavelength A standard method for nanoparticle sizing based on the angular dependence of dynamic light scattering was developed. The dependences of the diffusion coefficients for aqueous suspensions of polystyrene latex on the concentration and scattering angle were accurately measured by using a high-resolution dynamic light-scattering instrument. Precise measurements of the short-time correlation function at seven scattering angles and five concentrations were made for suspensions of polystyrene latex particles with diameters from 30 to 100 nm. The apparent diffusion coefficients obtained at various angles and concentrations showed properties characteristic of polystyrene latex particles with electrostatic interactions. A simulation was used to calculate a dynamic structure factor representing the long-range interactions between particles. Extrapolations to infinite dilution and to low angles gave accurate particle sizes by eliminating the effects of long-range interactions. The resulting particle sizes were consistent with those measured by using a differential mobility analyzer and those obtained by pulsed-field gradient nuclear magnetic resonance measurements. of 532 nm. The multiple tau digital correlation was measured at a minimum sampling time of 6.25 ns by using a dual autocorrelation mode on an ALV-6010/160 correlator board (ALV-Laser Vertriebsgesellschaft m.b.H.). Static light-scattering (SLS) measurements were performed at 5 intervals by scanning the scattering angle (θ) from 30 to 150 for five suspensions of various concentrations. DLS measurements were performed at seven scattering angles between 30 and 150 (θ = 30, 70, 90, 110, 130, and 150 ), and at five concentrations of the PSL. The sample cell was immersed in a bath of toluene for refractive index matching with quartz. The temperature of the toluene bath was maintained at 23.00 ± 0.01 C. The entire apparatus was set up in a clean booth, which was also maintained at 23.0 ± 0.1 C.
Sample preparation
The samples for the light-scattering measurements were PSL suspensions supplied by JSR Corporation (Tokyo, Japan) with diameters of about 100, 70, 50, and 30 nm. The PSL suspensions were diluted with ultrapure water generated by a Milli-Q system (Nihon Millipore KK, Tokyo, Japan) using 0.1 μm filters. The ultrapure water had an electrical resistance of 18.2 MΩ cm -1 and a total organic carbon content of less than 6 ppb. The PSL suspensions were stable, and even at high dilutions did not require the presence of salts or surfactants as stabilizers.
Light-scattering measurements
The sample cell containing the PSL suspension was set in the toluene bath and maintained at the required temperature for at least 30 min to allow the temperature to equilibrate before the measurements were performed. SLS measurements with run times of 10 s were taken more than three times for each angle until the standard deviation of three runs of 10 s with a minimum sampling time of 6.25 ns was less than 5%. The run time for the DLS measurements was controlled between 120 and 600 s to obtain consistent statistics for the correlation function; for example, the run time required for measurements on the most concentrated suspension at a scattering angle θ = 30 was only 120 s, whereas for the lowest concentration at θ = 90 , a run time of 600 s was necessary to accumulate sufficient data.
Data analysis
The intensity of the excess scattered light, I(θ), is given by the following equation, provided that the particle size is not much larger than the wavelength:
where K is the optical constant, N the number of particles in a unit volume, and M the molecular mass of the particles. P(θ) and S(θ) are, respectively, a particle scattering function and a static structure function of the scattering angle θ. If the concentration, C (= NM), is inserted into the equation, it can be rewritten as
The optical constant, K, is given by
where n is the refractive index of the solvent, dn/dC the refractive-index increment of the solution, NA the Avogadro constant, and λ the wavelength of incident light. In the case where the particle size is determined without determining the molecular mass, we do not need to know accurate values of dn/dC or the Rayleigh ratio. The particle size can be obtained from the radius of gyration (Rg), when Rgq << 1, by using a Zimm-type plot,
In the case of larger particles, when Rgq ≈ 1, the following Berry-type plot can be used:
where q is the scattering vector, defined as
In DLS measurements, the electric-field time correlation function, g (1) (τ), is calculated from the correlation function of the scattered light, g (2) (τ), by using the following Siegert relationship:
The correlation function, g (1) (τ), was analyzed by the cumulant method, as described in ISO 13321, 6 to evaluate the average decay rate Γ g ( ) ( ) = exp .
Here, μ2 is the second cumulant related to particle-size distribution. The diffusion coefficient, D, was calculated from the first cumulant, Γ, as follows:
From the value of D, the hydrodynamic radius of the particle, Rh, was calculated by using the Stokes-Einstein relationship,
where kB, T, and η are the Boltzmann constant, absolute temperature, and solvent viscosity, respectively. DLS measurements were performed for each size of the sample at five different concentrations and seven different angles. The measured apparent diffusion coefficients, Dapp, were extrapolated to infinite dilution (C = 0) and to zero angle (θ = 0) to obtain the true diffusion coefficients D(0). Figure 1 shows typical time correlation functions of the scattered light at an angle of 90 for suspensions of PSL particles with average diameters of 100, 70, 50, and 30 nm. There was no obvious multimodal behavior, and a translational diffusion mode was mainly observed. In all of the measurements, the time correlations showed a single mode, and the diffusion coefficients were analyzed by the cumulant method according to Eq. (7). The results for PSL with a particle size of 70 nm (PSL 70) are shown in Fig. 2(a) . Each apparent diffusion coefficient, Dapp, can be determined with sufficient precision to allow extrapolation to zero concentration and zero angle. The two lines connecting the extrapolated data to infinite dilution (C → 0) and low angle (θ → 0) intersected the real value of the diffusion coefficient, D(0). 8, 9 For PSL 70, the values of D(0) and the hydrodynamic radius, Rh, were estimated to be 5.80 × 10 -12 m 2 s -1 and 4.01 × 10 -8 m, respectively. In Fig. 2(b) , the results of SLS measurements for PSL 70 are shown for the same suspensions that were used in the DLS measurements. The Zimm-type plot given by Eq. (3) gave a value for the radius of gyration, Rg, of 3.54 × 10 -8 m, whereas the Berry-type plot given by Eq. (4) 
Results and Discussion
Measurement results
where n(r) is the number-distribution function of particles with radius r. In Figs. 3(a) and 3(b), typical results for DLS measurements on PSL with a diameter of 50 nm (PSL 50) are shown for two concentration regions. The values of D(0) and the hydrodynamic radius, Rh, were estimated to be 9.35 × 10 -12 m 2 s -1 and 2.49 × 10 -8 m, respectively, in the concentrated region shown in Fig. 3(a) . In the dilute region shown in Fig. 3(b) , the values of D(0) and Rh were estimated to be 9.31 × 10 -12 m 2 s -1 and 2.50 × 10 -8 m, respectively. The two extrapolations for the concentrated and dilute regions therefore gave almost identical values for the diffusion coefficient, D(0), and for the hydrodynamic radius, Rh.
Note that the dependences of the apparent diffusion coefficients of the PSL suspensions on θ were curved in the cases of both of PSL 70 and PSL 50. These curvatures were more marked at lower concentrations. In a previous paper, 12 we briefly described the main reason for the dependence of the apparent diffusion coefficients on the concentration and the scattering angle. It is not caused by the effect of sample polydispersity or of multiple scattering. If polydispersity had a major effect, the measured particle sizes would be larger at lower angles, but the experimental results show the opposite situation. A slight effect of the polydispersity was observed in SLS, even at small angles for more-concentrated suspensions, as shown in Fig. 2(b) . The effect of multiple scattering was examined by changing the intensity of the incident laser beam, as shown in Fig. 4 . If multiple scattering occurred, the decay rate should change on changing the intensity of the laser beam because of the threshold of the detector count rate. However, the most concentrated sample with the largest particle size (100 nm) did not show a shift in the decay rate as a result of multiple scattering at suitable intensities of the incident laser beam, although the count rate of the scattered light at the lowest laser intensity was insufficient to provide an adequate signal-to-noise ratio, and at the highest laser intensity, the detector was saturated beyond the limit for the count rate.
It appears that the main reason for the dependence of the measurements on the concentration and the scattering angle is the existence of electrostatic interactions between PSL particles, which affect the hydrodynamic behavior of PSL diffusing in water. In the SLS measurements shown in Fig. 2(b) , no marked dependence on the scattering angle was observed at low concentrations, although a small dependence on the angle appeared at low angles in concentrated suspensions as a result of polydispersity of the particle size. In general, the dynamic structure factor of scattered light does not always agree with the static structure factor. In the next section, we attempt to estimate long-range interactions in PSL suspensions and to simulate the observed dependence of the apparent diffusion coefficients, Dapp, on the concentration and scattering angle.
Simulation of the apparent diffusion coefficients
As described in the previous section, the diffusion coefficient is generally given by Eq. (9); that is, the hydrodynamic radius is calculated as the same value at various angles, although the decay rate, Γ, is dependent on θ according to Eq. (8) . However, in some cases where long-range interactions appear, such as in the cases of charged macromolecules, 13 lattices, 14, 15 and colloidal silica, 16 ,17 the diffusion coefficient and the hydrodynamic radius show angular dependences. This long-range interaction can be expressed as the hydrodynamic function, H(q), according to the following equation: 15, 16, 18 H(q) = (Dapp/D(0))·S(q). S(q) is a structure factor for the system, but it is often difficult to estimate this from the results of SLS. As shown in Fig. 2(b) , the value of S(q) approaches unity as the suspensions become more dilute. In many cases, it is more useful to insert the dynamic structure factor, S′(q), as rewritten by using the following equation:
Here, S′(q) reflects long-range interactions of particles in the suspension. We simulated the experimental results of Figs. 2 and 3, and showed that the dependences of the apparent diffusion coefficient on C and θ are not due to experimental errors or multiple-scattering effects. The simulation model is a simple hard-sphere model, but it is sufficiently useful to permit estimating the long-range interactions and to simulate the dependence of the apparent diffusion coefficient on C and θ. Some methods for estimating S′(q) have been reported for systems of microemulsions 19 and block copolymers, [20] [21] [22] and by simulation. 23 By applying the Percus-Yevick expression 24 for the hard-sphere interaction potential, the dynamic structure factor for an interaction radius R can be obtained as
where A = 2qR and 
The parameters α, β, and γ can be written in terms of the hard-sphere volume fraction, f, as follows:
Here, f is calculated from the concentration of the suspension, C, the density of the suspension, ρs, and of the particle, ρ, the size of the particle, Rh, and the interaction radius, R, by means of the equation f = CρsR 3 /(ρRh 3 ). Figures 5(a) and 5(b) show the results of the simulation described above for the cases of PSL 70 and PSL 50, respectively. The parameters used for the long-range interaction radii, R, are plotted in Fig. 6 . The long-range interaction radii, R, are about ten-times larger than the particle sizes, and they increase with increasing dilution of the suspensions. The figure shows that long-range interactions extend over a considerable volume when no salts or surfactants are added to the suspensions, and there is little screening of the electrostatic interactions between particles. This simulation model does not assume a polydispersity in particle size, so that the curvatures are sharper than those of the experimental results shown in Figs. 2(a) and 3(a) . However, the effects of particle sizes and concentration on the angular dependences of DLS are similar to those shown in Fig. 5 .
Although this method excludes complex formulations, it is sufficiently accurate to represent the experimental data shown in Figs. 2 and 3 , and to estimate the long-range interactions by means of the Derjaguin Landau, Verwey, and Overbeek (DLVO) theory. 25 This effect is always observed in the case of charged particles, such those of PSL, and extrapolation to zero angle and zero concentration is necessary for accurate sizing of particles.
Development of the nanoparticle size standard
Extrapolation to infinite dilution and to lower angles by using the high-resolution DLS technique gives accurate particle sizes that are corrected for long-range interactions. We developed a standard for nanoparticles in a liquid phase by means of this DLS technique. The traceability and validity were verified by comparison with two other techniques: DMA and PFG NMR. DMA is a powerful technique for determining particle sizes in an air phase. PFG NMR is useful for observations of chemical species in liquid phases, and can be applied to studies on the diffusion behavior of small particles. Comparisons of the results of DLS with those of DMA and PFG NMR are shown in Fig. 7 . The values from DMA 26, 27 and PFG NMR 28 were used after correcting for the distribution of particle sizes by means of Eq. (11) . The extrapolation of the apparent radii to infinite dilution and to lower angles by means of DLS gave values that were consistent with those measured by DMA and PFG NMR within their respective uncertainties, which are shown by error bars in Fig. 7 . Details of the evaluation of the uncertainty of DLS have been described previously. 12 It is noteworthy that the application of the DLS methods stipulated in ISO 13321 or ISO 22412, which are suitable only for a narrow range of angles and concentrations, does not give very accurate particle sizes in a number of cases. For example, in Fig. 7 , typical DLS results observed at a single angle and a single concentration are shown. The plots are not compatible with the values measured by other methods. To measure the size of nanoparticles accurately, it is necessary to measure the diffusion coefficients at various angles and concentrations, particularly in the case of charged particles, such as those present in PSL. However, precise DLS measurements are generally not easy to perform. The precision of our DLS measurement is sufficiently high to permit their extrapolation to finite concentrations and to lower angles, which allows the development of accurate size standards for nanoparticles.
Conclusions
Particle sizing in the nanometer size range is routinely performed by using DLS. The ISO 13321 and 22412 standards provide methodologies for photon correlation spectroscopy and DLS, respectively, but they are limited to appropriate concentrations and scattering angles.
PSL particles are recommended for use as standard samples; however, their electrostatic interactions extend to long ranges and the apparent diffusion coefficients and hydrodynamic radii depend on the concentrations and scattering angles.
We performed light-scattering measurements on PSL particles with diameters from 30 to 100 nm in aqueous suspensions at various concentrations and scattering angles. The apparent diffusion coefficients obtained at various angles and concentrations showed the characteristic properties of PSL particles. A simulation based on the hard-sphere interaction potential model was used to represent the long-range interactions between PSL particles. This model was sufficiently accurate to permit simulations of the dependence of the apparent diffusion coefficient on the concentration and scattering angle, and to show that extrapolations are suitable for obtaining accurate values. The values of particle sizes obtained from the extrapolations were consistent with those obtained by the DMA and PFG NMR methods within their corresponding levels of uncertainty.
